In this work, we demonstrate the possibility to use optical fiber incorporating photowritten tilted fiber Bragg gratings (TFBG) as optical detection system for the real time monitoring of interfacial adsorption events and biological recognition. For this purpose, immobilization of cyclodextrin polymers onto the surface of optical fiber was envisioned through the layer-by-layer self assembly method with the aim of developing sensing layers with welldefined host properties. To develop a biological sensor, amphiphilic dextran, acting as intermediate layer between the polyelectrolyte multilayer assembly and the biological probe, was immobilized though inclusion complex formation. The dextran layer exhibit a dual functionality: (i) it prevents non-specific proteins adsorption and (ii) it allows covalent immobilization of anti-bovine serum albumine through activation of the hydroxyl groups with 1,1'-carbonyl diimidazole. To verify the feasibility of our strategy, fluorescence microscopy was applied to evidence the effective inclusion of fluorescent macromolecular -flurorescein labelled dextran bearing adamantane as side-graftsspecies within the cyclodextrin cavities present onto the optical fiber interface and at the last layer to prove the grafting of anti bovin serum albumin onto the amphiphilic dextran by a capture of fluorescein bovin serum albumin by the antibody layer. In a further step, it was demonstrated that the elaboration of the multilayer assembly can be monitored in real time using the TFBG sensor.
Introduction
An important scientific and technological challenge in analytical science deals with the development of sensors and their applications in areas such as environmental monitoring, biotechnology, medical diagnostics, drug screening, food safety... [1] Sensors with optical detection method have been largely discussed in the literature including fluorescence spectroscopy, interferometry, spectroscopy of modes guided in optical waveguide structures and surface plasmon resonance spectroscopy. [2] [3] [4] Surface engineering involves the modification of materials at the molecular scale to design interface with well-defined surface functionality providing advanced physical and (bio)chemical properties. The layer-by-layer or LbL self-assembly method allows fabricating molecularly controlled ultrathin multilayer films through the alternate deposition of polycations and polyanions from solution. [5] By controlling the solution parameters, surface charges, and polymer combination, various supramolecular structures have been developed. An original approach consists in immobilizing charged cyclodextrin-containing polymers to design sensing layers with interesting host properties. Compared with conventional covalent chemistry, the cyclodextrin-based sensing layer made with this self-assembly method presents the advantage of easy control of the layer thickness and the ease of surface regeneration. [6] The biosensor based on a Tilted Fiber Bragg Grating (TFBG) refractometer which enables direct detection, in real-time, of target molecules. The couple bovine serum albumin (BSA) (antigen)/antiBSA(antibody) are used like models for the biological recognition .
Experimental

Deposition of electrostatic self assembled film
The electrostatic self-assembled film deposition method is based on the electrostatic attraction between oppositely charged molecules in each monolayer deposited, and involves several steps. First, the optical fiber is cleaned in a 1M HCl solution for 20minutes and treated in a 1M NaOH solution for 30 minutes to create a negatively charged surface. Then, the substrate is dipped alternatively into cationic polymer (polycation) and anionic polymer (polyanion) solutions in order to create polyelectrolyte multilayers. The polyelectrolytes used in the fabrication of ESA films are poly-ethylene-imine (PEI) as polycation, and dextransulfate sodium (DSS) as polyanion. We prepared 1g/L PEI and DSS solutions in a 0.02M phosphate buffer solution (PBS), pH7.4. The exposure time to each polyelectrolyte solution is 7minutes. Between each adsorption step the layer is washed with PBS. We observed that the refractive index increases with the number of deposited bilayers but we notice a lower sensitivity with less than four and more than twelve bilayers. As our objective is to develop a biosensor characterized by a wide sensitivity range, the polyelectrolyte multilayer is composed of four bilayers with an external positively-charged PEI layer to ensure the immobilization of the negatively charged polymer of β-cyclodextrin (1g/L).
Covalent bonding of antiBSA onto the multilayer film.
To develop a biological sensor, amphiphilic dextran (1g/L), acting as intermediate layer between the polyelectrolyte multilayer assembly and the biological probe, was immobilized though inclusion complex formation. The dextran layer allows covalent immobilization of anti-bovine serum albumine (0.11g/L) through activation of the hydroxyl groups with 1,1'-carbonyl diimidazole.
The antigen recognition is realized by immerged the optical fiber on a BSA solution (0.1g/L) and then the detection of protein, the regeneration by acid glycine solution are followed in real-time.
Results and discussion
The strategy we proposed for the chemical functionalization of optical fiber with cyclodextrin cavities takes advantage of the negatively charged nature of the fiber surface at pH value above 3. The polyanions/polycations pairs purposely used to realise the LbL and to immobilize an anionic cyclodextrin polymers as end layers of multilayer assemblies are made of dextran sulfate and polyethyleneimine (Fig.1) . To verify the feasibility of our strategy, the presence of cyclodextrin cavities was evidenced through the formation of inclusion complex with fluorescent molecules like it is shown in figure 2 . For this, commercially available fluorescent tagged dextran was chemically modified to graft adamantane side-units providing amphiphilic polymers. The efficient immobilization of the adamantane-bearing dextran on the cyclodextrin-containing polymer end layer is ascertained by the larger fluorescence intensity observed in the micrograph (b) as compared to micrograph (a). Indeed, the micrograph (a) corresponds to the adsorption of the pristine fluorescent dextran (bearing no adamantane groups) while the micrograph (b) was obtained for an optical fiber modified with the amphiphilic dextran.
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Fig. 2: Fluorescent micrographs corresponding to the adsorption of fluorescent dextran (a) without and (b) with adamantane side groups on positively charged cyclodextrin polymer sensing layers, on (c) polyethyleneimine. d) BSA recognition by the antiBSA layer after activation with CDI (low fibre) and without activation (high fiber)
. In all cases the micrographs were recorded after a washing step to remove the loosely adsorbed fluorescent molecules.
The specificity of the interaction between the cyclodextrin cavity and dextrane bearing adamantane is demonstrated by the no fluorescent pattern observed in the micrograph (c). In this case, the multilayer assembly was only composed of PEI and DSS.
Taking advantage of the OH groups of the amphiphilic polymer immobilised onto the cyclodextrin layer, the antibody is grafted by activation with CDI which allows a covalent bond between the two layers. To prove the necessity of the activation step, fluoreiscein BSA is tested for the recognition (fig.2d ). If the antibody layer is not grafted to the film they is no florescence, BSA is not captured (high fiber).
On the basis of these qualitative fluorescence microscopic observations, the TFBG was applied to monitoring in real time the elaboration of the cyclodextrin-based multilayer assemblies. As a representative example, the sensorgram in Figure 3 gives the sensor response as a function of time. The assembly is made of two bilayers of PEI/DSS together with an additional PEI layer that is necessary to immobilize the negatively charged cyclodextrin polymer. It is interesting to note that flowing of dextran (5 in the figure) does not lead to change in the optical response of the TFBG. This is in good agreement with the fluorescence microscopy micrographs given in Figure 2 and confirms that the driving force for the immobilization of the dextran bearing adamantane groups relies on the formation of inclusion complexes. After the grafting of the antiBSA layer, the specificity of the recognition is proved with trypsin solution (Fig.3B ) which induced no changes in the optical signal while a BSA solution increases the signal much strongly. An acid solution allowed the regeneration of the system at the BSA level.
Conclusions
In this work, we have demonstrated the possibility to surface-functionalize optical fiber incorporating photowritten tilted fiber Bragg gratings with cyclodextrin polymers of positive or negative charged nature. The as-obtained hybrid system was applied to the sensitive detection of toluene in solution as a proof of concept for the potentiality of cyclodextrin polymer-based tilted fiber Bragg gratings as chemical sensors.
